As a mechanism to detect differential motion, we have proposed a model of "a motion contrast detector" that has a center-surround antagonistic receptive field with respect to the direction of motion. Supporting evidence has been obtained in the studies of induced motion, motion capture, and motion aftereffect. In order to obtain further evidence in a more strictly controlled situation, we examined the perceptual bias of motion in a center stimulus induced by another, surrounding motion. By using a stochastic random-dot display configured in a center-surround concentric fashion, we measured the % signal in the center stimulus that made the stimulus perceptually stationary in the presence of a moving surround. Measurements were done for various stimulus sizes and eccentricities. The amount of bias changed as a function of stimulus size and eccentricity. At several eccentricities, smaller stimulus sizes tended to yield assimilation-type biases, whereas larger sizes tended to yield contrast-type biases. However, a spatial scaling procedure revealed that the amount of bias was a simpler function of "scaled" stimulus size that was obtained by dividing the physical size by a scaling factor at each eccentricity. In the scaled profile, assimilation-type bias changed to contrast-type bias with increasing size, reached the peak of contrast-type bias at a certain size, and decreased slightly with further increasing size. Furthermore, a model of a difference of Gaussians, DOG, function well approximated the behavior of the profile. From these results, we concluded that the process specific to perceiving relative motion is mediated by a motion contrast detector, which is possibly located in area MT.
INTRODUCTION
Motion in the retinal image is used for various visual functions (Nakayama, 1985) . These include segregating moving objects from their background, extracting the contour of objects, and recovering depth and threedimensionalstructure.Evidently,the informationprocessing involved in achieving these functions requires mechanisms sensitive to the relative motion between adjacentpointsin the image. In the presentstudy,we aim to show human psychophysical evidence for the ex- istenceof a local mechanismthat detectsmotionwhich is opposite in direction to that of its surround. A psychophysically feasible way to explore the possibility that such a mechanism exists is to examine whether motion perception within one region in the image is influenced by the motion surrounding that region. Induced motion (sometimes referred to as perceptual "contrast" in motion), the illusory motion of a stationary stimulus in the direction opposite to its moving surround, has been studied extensively in this context by a number of researchers [see ReinhardtRutland(1988) for review]. Someof them have proposed, as its underlyingmechanism,a directionallyantagonistic unit that is inhibited by moving stimuli in the surround (Anstis & Reinhardt-Rutland,1976; Loomis & Nakayama, 1973; Nakayama & Tyler, 1978; Nawrot & Sekuler, 1990; Reinhardt-Rutland, 1981 , 1983 Strelow & Day, 1975; Tynan & Sekuler, 1975; Walker& Powell, 1974 ).
We will tentativelycall such a motion processingunit "a 3629 motion contrast detector". We use the term "motion contrast"for the differencein physicalvelocitiesbetween adjacent regions in the visual field [as originally defined by Regan & Beverley (1984) ]. Ramachandran (1987) reported a phenomenon called motion capture (sometimes referred to as perceptual "assimilation" in motion), the illusory motion of a stationary equiluminant stimulus in the same direction as its moving surround. Murakami and Shimojo (1993b) have recently found that when the overall size of the stimuluswas decreased, induced motion could change to motion capture, even if the stationary stimulus was not equiluminant. Furthermore, the critical size at which induced motion changes to motion capture differed across eccentricities.To interpret these results, Murakami and Shimojo (1993b) suggested that a population of the detectors is distributedaround a certain stimulussize at each eccentricity-a stimulus of the optimal size results in a percept due to relative motion processing (induced motion). A smaller stimulus, where both the inducer and the induced stimulus are within the center field, results in another percept due to nonselective poolingof motion informationbelow the resolutionlimit (motion capture).
Since inducedmotionhas often been explained by such a hypotheticalmechanismhavingcenter-surroundantagonism, the next step is to test the hypothesisthat such a mechanism exists in the human visual system. For this purpose, an adaptation paradigm would be promising. After prolongedexposureto an adaptingstimulusmoving in one direction,a stationarystimulusappearsto move in the direction opposite to that of the adapting stimulus (Wohlgemuth, 1911) . This effect, called motion aftereffect, has been taken as strongevidencefor a mechanism specialized for motion processing (Blakemore & Campbell, 1969) . Murakami and Shimojo (1995) examined how an inducing stimulus in a surround modulates the motion aftereffect in a central stimulus.There were two adaptinggratingsin a center-surroundconfiguration.The directionof the surroundgratingwas either the same as or opposite to the direction of the center. They found a "surround modulation"of the motion aftereffect, i.e. the adaptation to two opposite motions in the center and surroundelicited a larger motion aftereffect in the center than did the adaptationto the same unidirectionalmotion in the two fields. The results could not be interpreted in terms of unidirectional motion detectors. Instead, they strongly suggested the existence of processing units sensitiveto relative motion.
So far, evidence supporting the motion contrast detectorhas been reportedusing suprathresholdillusions: induced motion; motion capture; and motion aftereffect.
*The size of each dot was small and the density of dots was rather high when compared to those used in previous studies that used similar stimuli in the recording of the macaque MT neurons (Britten et al., 1993; Newsome & Par&, 1988; Salzman etal., 1992) . We chose this density because it would permit many dots to be within the receptive field of a single unit in the macaque Vl, and directional judgment could be mediated by processing levels lower than MT.
Although these are useful psychophysical tools which have been used to investigate the units in the motion processingsystem, one should be cautious in extrapolating illusion-basedresultsto more strict situationssuch as the motion detection threshold. In the present study, we attempted to "replicate" the experiment on the stimulus size-and eccentricity-dependences of induced motionf motion capture (Murakami & Shimojo, 1993b) . While the original study qualitativelydetermined how strongly these illusions were perceived, here we quantitatively determined and measured the bias (a shift of the psychometricfunction) on the motion perception of the center stimulusin the presence of a moving surround.(If the psychometric function is biased in the direction in which the center more readily appears to move together with the surround, it is a perithreshold counterpart of motioncapture.If the bias is opposite,it is a perithreshold counterpart of induced motion.) The bias turned out to vary with both size and eccentricity. We also examined whether the apparent dependence on eccentricity could reflect a simpler effect relating to cortical size when the data were resealed using a linear scaling factor. A successfulspatial scaling would make it likely that local mechanisms are embedded in some stages where retinotopyis preserved, and that they are different across various eccentricities only in scale. This hypothetical structure would also be consistent with our previous studies (Murakami & Shimojo, 1993b ,where the data obtained for various stimulus sizes and various eccentricitiesseemed to obey a simplerfunctionof scaled stimulussize. The results of the present study were then compared with previous psychophysical studies on the spatial interaction between biasing and biased stripes (Chang & Julesz, 1984; Nawrot & Sekuler, 1990) .
METHODS

Subjects
One of the authors and one naive subject participated. Both had normal or corrected-to-normalvision.
Equipment
The experimentwas done in a dark room. The stimulus was presented on a CRT monitor (Apple 13" CRT; 640 x 480 pixels; vertical scanning frequency 66.7 Hz, noninterlaced)controlledby a personalcomputer (Apple Macintosh Quadra 840AV). The subject used only his right eye with a natural pupil, with the left eye occluded by an eye-patch.The subject'shead was stabilizedwith a chin rest.
Stimulus
We attempted to obtain a psychometric curve as a function of some magnitude of motion signal in the stimulus. We adopted a sparse random-dot pattern in which a certain percentageof dots ("signaldots") moved coherently in one direction while others ("noise dots") moved in random directions and with random speeds (Newsome & Par6, 1988 signal. When there is no moving surround, it is expected that the psychometric function will pass through the 50% probability at 0'% signaL When there is a biasing surround, it is expected that the function will be shifted laterally and consequently, the YO signal that yields 5070 probability will depart from O%.
motion stimulus, i.e. it comprised many static monitor frames refreshed successively. In a frame,~a certain percentage ("% signal") of dots were assigned to be signal dots, whereas other dots were assignedto be noise dots. In the next frame,~+ 1, the signal dots shifted in a certain direction ("signal direction") by a certain distance,whereas the noise dotsjumped to a new position chosen randomly.When % signal = 100, a global motion was perceived in the display in the directionof the signal dots. When % signal = O, the display was perceived as dynamic noise, although there were many local motion componentsin random directions and at random speeds. When % signalwas between 0-100%,the probabilityof seeing global motion in the signal direction increased monotonically with increasing 70 signal. A concept of negative Yosignalwas also introducedin order to denote the percentage of signal dots moving in the opposite direction to the original. For instance, let the upward direction be chosen as the nominal signal direction. Decreasing the % signal from 100% to O% would decrease the proportionof upward-movingsignal dots to randomly moving noise dots. Further decreasing the ?ZO signalfrom 090to -100Yo would increasethe proportion of downward-movingsignal dots (opposite direction to the nominalsignal)to randomlymoving noise dots. Such notation was useful in plotting a psychometriccurve of directional judgment as a function of one-dimensional scale (Fig. 1) .A psychometriccurvewould range from no upward response at a very low (negative) ?Iosignal, to perfect upward response at a very high (positive) % signal. This random-dot display, with a signal range of
A schematic view of stimulus configuration. Two SRDS were organized concentrically. The center SRD (comprising white dots) was confined to the region of the inner disk. The surround (comprising red dots) was confined to the region of the outer annulus. In this annular window, 50% of the dots in the surround SRD moved coherently in the upward direction in half the trials, and moved coherently in the downward direction in the other half. The other 50% of the dots were noise dots. The % signal of the center SRD was "positive" if the signal dots moved in the same direction as the signal in the surround, and was "negative" if they moved in the opposite direction to those in the surround. The eccentricity was varied by changing the location of the fixation point. Tfre parameter for stimulus size, w, was varied by changing the viewing distance.
-100-100%, will hereafter be called "stochastic random-dotdisplay (SRD)". Two SRDS were located concentrically on a dark background in the nasal visual field (Fig. 2) . Their sizes were controlled by one parameter, w. One SRD was confinedto a disk-shapedstatic window whose diameter was IW and was called "center SRD". The other was confinedto an annulus-shapedstaticwindow surrounding the center SRD and was called "surround SRD". The diameters of the inner and outer circles of the annulus were IWand 2w, respectively.This size relationshipwas chosenon the basis of the data in our pilot studies,though larger outer diameters were just as good. The surround SRD comprisedred (18.8 cd/m2)dots;50% of all the dots were signaldots and the otherswere noise dots;the signal direction was upward in some trials and downward in other trials. The center SRD comprised white (101 cd/m2)dots; its nominal signal directionwas the same as that of the surroundSRD. Recall the 70 signalconceptwe introducedpreviously.If we let the signaldirectionof the surroundSRD be upward,positive'%o signalsin the center SRD would correspond to the situations in which some dots move upward and others move randomly. Negative % signals would correspond to the situations in which some dots move downward and others move randomly.
The color differencewas introducedmerely to help the perceptual segregationbetween the center and surround.
(If the only differencewas in% signal, the subjectwould have had difficulty in determining the border between them, especially if they had similar values of % signal.) Other than the color and the % signal, all of the other 3632 I. MURAKAMI and S. SHIMOJO parameters were identical for both SRDS. * The luminance of the background was about 0.01 cd/m2, the density was 50/w2 dots/deg2,the nominal diameter of each dot was IWmin (1 pixel served as one dot), and the velocity of signal dots was 4Wminlframe,where w was a parameter for the stimulus size.? The duration of one frame was 30 msec, the inter-frame intervalwas Omsec, the number of frames was 15, and the total exposuretime was 450 msec. New SRDSwere generated for each trial.
The parameter for the stimulus size, w, was varied in eight steps (0.5, 0.75, 1, 1.5, 2, 3, 4, 5, 8) by varying the viewing distancefrom 15.8to 252.3 cm. The eccentricity was defined as the distance from the fixation point (a white square generated graphically) to the center of the stimulusand was varied in six steps (O,2, 3, 4.5, 6, 9) by varying the location of the fixationpoint.
Procedure
The size and the eccentricitywere constantduringeach experimental session. The signal direction of the surroundSRD (upward/downward)was chosenrandomly from trial to trial. The % signal of the center SRD was also chosen randomly,from five levels of !?% signalwhich differed by steps of 20% (e.g. -30, -10, 10, 30, and 50). These had been chosen in advance and roughly determinedthe dynamicrangeof a psychometricfunction according to the results of our preliminary experiments.
The subjectwas requiredto keep foveatingthe fixation point on the dark background.The concentricSRDSwere presented at the left of the fixation point. The subject's task was to judge the perceived direction of the center SRD in a two-alternative forced-choice task (upward/ downward). The subject's response triggered the intertribal interval (450 f 225 msec).
The 70 signal which yielded equal probabilities for upward motion perception and downward motion perception, hereafter referred to as the "PSE" (point of subjective equality to the stationary state), was determined for each stimulus size and eccentricity. The probability of seeing the same direction as the surround was calculated on the basis of 32 repeated trials and was plotted against % signal. The curve was fitted to the logistic function
to obtain a sigmoid curve, where y denotes probability and x denotes '%o signal. The regression coefficient flo *Their motion detection thresholds were not identical, but very similar. For example, subject IM's motion detection threshold (75% correct in a two-alternative forced-choice task) under typical conditions (a circular field with 3 deg diameter at 4.5 deg eccentricity) was about 9% coherence for white, and about 11% for red. The 50% coherence case yielded almost perfect detectability even for red dot fields. Similar results were obtained at other sizes and eccentricities. tln a pilot experiment, results that were quantitatively similar to the main results were obtained for subject IM when the dot density and the dot velocity were 0.25 and 2 times as large, respectively, as in the main experiment. FIGURE 3. The PSE (% signal that yielded a 50% probability of seeing upward motion) obtained for various stimulus sizes and eccentricities. The data are for subject IM. The PSE is plotted against w on a logarithmic scale. Each panel corresponds to each eccentricity tested. Positive PSES indicate contrast-type bias and negative PSES indicate assimilation-type bias.
corresponds to the steepness of the curve and fll correspondsto the YO signal which yields the probability of 5070.The coefficientswere obtained separatelyfor the case of upward surround and for the case of downward surround. Because no systematic difference was found between the two values of fll obtained in these two cases, they were averaged and their mean was taken as a final estimate of PSE.
RESULTS
The PSES determined for various stimulus sizes at variouseccentricitiesare shown in Fig. 3 (for subjectIM) and in Fig. 4 (for subject SM). The data for each eccentricity are plotted in separate panels. The PSE is plotted against the parameter for stimulus size, w (=,the diameter of the center SRD), using a logarithmic scale. Negative PSES indicate that the subject more readily observed the center moving in the same direction as the surround.Therefore, they will be referred to as assimilation-typebiases. Positive PSESindicate the opposite and will be referred to as contrast-typebiases.
The data shown in Figs 3 and 4 clearly indicatethat the stimulus size affected the PSE differently at different eccentricities.At Odeg eccentricity,the PSE was positive (contrast-typebias) for all stimulus sizes and showed a flator slightlydecliningcurve. At other eccentricities,the polarity of the PSE changed from negative to positive with increasing stimulus size. At 3 deg eccentricity, the PSE seemed to lie on an inverted-U curve. At 9 deg eccentricity,the curve became less steep with increasing size. The data for other eccentricities seemed to have intermediate effects along with some fluctuations. To summarize, the PSE changed as a function of stimulus size and eccentricity and there seemed to be a complex interactionbetween these two factors.
A careful observation of the data suggests that the shapes of the profilesshow relatively systematicchanges with increasing eccentricity. For example, the curve at 9 deg eccentricityappearsto be the resultof a lateral shift of the 6 deg curve. Also, the 2 deg curve and the 6 deg curve partially overlap the right half and left half, respectively, of the 3 deg curve, after they have been laterally shifted by an appropriate amount. If the psychophysical function of stimulus size at a given eccentricity can be considered to be a lateral shift of another psychophysicalfunction at another eccentricity along the log axis of stimulussize, it can be said that the functions are spatially scalable (Watson, 1987) . A successful spatial scaling in turn suggests that the underlying mechanisms at different eccentricities are qualitatively identical but different only in scale. We examined whether the apparent dependence on eccentricity reflected a simpler effect of scaled stimulus size when the data were scaled using a linear scaling factor.
Since we did not know what kind of fittingfunction or physiological knowledge is appropriate, we chose to apply a knowledge-free procedure introduced by Whitaker et al. (1992) . Using the least squares method iteratively, this procedure calculates the scaling factor (a) .Assumingthat the scaling factor should be a linear function of eccentricity [see Drasdo (1991) ], the factors that were estimated for individualeccentricitieswere fitted to a linear regression line. The above analysis resulted in a normalized scaling factor F = 1 + 1.116E for subject IM [ Fig. 5(a) ] and F = 1 + 0.989E for subject SM [ Fig. 6(a) ], where F denotes the scaling factor and E denotes the eccentricity (deg). Dividingthe physicalsize by this estimatedscaling factor [right-handordinatesin Figs 5(a) and 6(a)] at each eccentricity,we obtain the scaled size (dego),where the unit dego denotes 1 deg at the fovea. When the data are plotted using these scaled values, a remarkable (though imperfect) agreement across eccentricities is obvious [Figs 5(b) and 6(b)]. The residual disagreement can be interpreted as a noise, since no systematic deviation exists. Also, the degree of agreement can be described objectivelyin terms of the determinationcoefficient(R*) in the following fitting procedure.
The scaled data seemed to be on a single inverted-Ushaped function: the PSE was negative for small sizes, If one assumes that the peak of the inverted-Ufunction approximatesthe situation in which contrast-type bias occurred maximally irrespective of eccentricity, the parameter for the stimulus size w that yields the maximum contrast-type bias is w = 0.373 (1+ 1.116E)for IM and w = 0.352(1+ 0.989E) for SM, where E denotes eccentricity. Since these estimated coefficientsare not too different between subjects, they are averaged and result in w = O.363(I + 1.05E).
These results suggest that the cortical mechanisms underlying the present experimental task are identical across eccentricities except for the preferred stimulus size. Since the scaled bias x size function seems to show band-pass characteristics [see Figs 5(b) and 6(b)], it suggests that the underlying mechanism is a band-pass filter in the motion domain, such as center-surround antagonismwith respect to preferred direction.
DISCUSSION
In the present study, perithreshold psychophysical performance was examined and the results support an idea suggestedby previousexperimentsusing suprathreshold illusions such as induced motion, motion capture, and motion aftereffect (Murakami & Shimojo, 1993b . The idea is that the difference in motion signals between adjacent visual fields is detected by motion contrast detectors whose receptive field profiles have center-surroundantagonism in the motion domain. The results are also consistent with the notion that these hypothetical detectors are distributed across eccentricities, whose preferred stimulus size increases with increasing eccentricity. If we assume that the stimulus size that yields the maximum contrast-type bias is the same size of the center subregion of the receptive field, Eq. (4) gives the estimate of the spatial extent of the center subregion. Also, the data suggest that the spatial extent of the surround subregion is much larger than the center, since o, was 8-16 times as large as a. in the fitted DOG function.
In the following discussion, we will compare the present finding with previous studies. The effect of stimulus size on a stripe version of motion capture was studied by Chang and Julesz (1984) . They examined the perceived direction of a test random-dot pattern, whose direction was physically ambiguous.When random dots in flanking stripes moved unambiguously,the perceived direction of the test pattern was biased towards the same directionas these inducingstripes.This assimilation-type bias was limited to a certain distance: the maximally effective stripe width was about 0.25 deg at the fovea. Our data are consistent with their estimation at least qualitatively, in that assimilation-typebias occurs in a limited range in space. Their estimation and our data would be also similar in a quantitative sense, if the diameter of our center SRD is equivalent to their stripe width. The curves shown in ., 100, y -10
-looL-----,~,õ 0.5 1 scaled diameter of the induced stimulus (dego) FIGURE 7. The original data of Murakami and Shimojo (1993b) and the replotted chart using the scaling factor estimated in the presmrt study. (a) The estimated magnitude of the perceived motion of the induced stimulus is plotted as a function of the stimulus size. A positive magnitude indicates that the induced stimulus appears to move in the same direction as the inducer (i.e. motion capture), whereas a negative magnitude indicates that the induced stimulus appears to move in the direction opposite to the inducer (i.e. induced motion). (b) The abscissa is changed to the scaled stimulus size according to the estimated scaling factor F = 1 + 1.05E.
at Odeg eccentricity). These values resemble the estimationby Chang and Julesz (1984) . Two previous studies have shown that assimilationtype bias changedto contrast-typebias when the stimulus size was increased (Murakami & Shimojo, 1993b; Nawrot & Sekuler, 1990) . Murakami and Shimojo (1993b) used a central stationary disk as an induced stimulusand a moving random-dotpattern as an inducer, and found that at about 4 N 6.5 deg eccentricity, motion capture (assimilation)changed to induced motion (contrast) when the overall stimulussize was increased.They also scaled their data for 2.77w 10 deg eccentricitiesby dividing the stimulus size by the receptive field size of MT neurons (Albright & Desimone, 1987) , since this cortical area seemed to be the most likely candidate for the neural implementationof motion contrast detectors, as we will discuss later. Their scaling method was reasonably successful [Fig. 7(b) in their article], but we will attempt to scale their data by using the scaling factor estimatedin the presentstudy (F = 1 + 1.05E),in order to see the applicability of our current estimate to the previousstudy.Their originaldata are shownin Fig. 7(a) , and the scaled version is plotted in Fig. 7(b) , where the abscissa is the diameter of the induced stimulusin terms of dego. The ordinates indicate magnitude estimates of the perceived motion of the induced stimulus; the positive values correspond to the magnitude of motion capture and the negative values correspond to the magnitude of induced motion. The scaling procedure yields a good agreement across eccentricities except for just one point. The zero-crossing is located at about 0.3 dego,which is more or less consistentwith the present studyand also with the studyby Chang and Julesz (1984) . The negativepeak is located at about 0.5 dego,which is a bit greater than the estimated peak of 0.363 dego in the present study. Nawrot and Sekuler (1990) examined spatial interaction between biasing stripes and ambiguous stripes in fovealvision.Their stimulusconfigurationwas similar to that used in the study by Chang and Julesz (1984) . Their main finding was qualitatively in accordance with the present study, in that assimilation-typebias changed to contrast-type bias with increasing stimulus size (stripe width). Their estimates of the effective stripe width (where motion assimilation changed to contrast) was, however, at least three times as large as Chang and Julesz's(1984) estimate,and was also not consistentwith ours. The reason for this quantitative discrepancy is unclear,but we can speculatethat the size of their display area, which subtended2.5 x 4.8 deg, might have allowed the maximum eccentricityof 2.4 deg to contributeto the performance. In our present study, according to Eq. (4), the scaling factor at 2.4 deg eccentricity is 3.52 times larger than the foveal one. Thus, the effective size of the spatialinteractionfound in the present study is consistent with the size estimated by Nawrot and Sekuler (1990) , if one assumes that they actually measured the size of spatial interaction at 2.4 deg eccentricity. This might account for the apparently longer spatial interaction in their report.
Various scaling factors have been reported to explain apparent differences in motion perception at different eccentricities.For comparison,they are plottedin a single chart, Fig. 8 , in normalized forms [see Eq. (6) in Appendix A], i.e. they pass through (O, 1) such that the factor is unity at the fovea. These scaling factors include the ones found in the study by Levi et al. (1984) who measured the detection thresholds for absolute motion [ Fig. 8(i) ] and for relative motion [ Fig. 8(d) ] in separate experiments,the study by McKee and Nakayama (1984) who measuredthe detectionthresholdfor relative motion [ Fig. 8(e) ], the studyby Wright and Johnston(1985) who measured the magnitude of motion aftereffect using absolute motion [ Fig. 8(g) ], the study by Murakami and Shimojo (1995) who measured the magnitude of motion aftereffect using relative motion [ Fig. 8(c)] , and the present study [ Fig. 8(a and b) ]. At a first glance, these scaling factors appear diverse, although more careful observation leads to the impression that psychophysical performances related to absolute motion tend to have 3636 I. MURAKAMI and S. SHIMOJO (c) Murakami &Shimolo (1995) (motion alterellect usingrelative motion)
McKee &Nakavama (1984) detectmn Ikeshold for relative motion) (f) Albright & Desimcme (1987) (RF size of MT neurons) / (9) Wright & Johnston (1985) (motion afferelfect usin absolute motion) (h) Dow et al. (1981) (RF size 01 VI neurons) (i) Levi et al (1984) (detection threshold >r absolute motion) Murakami and Shimojo (1995) in the study of modulation of motion aftereffect by surrounding motion: F = 0.148 + 0.142E. (d) The scaling factor estimated by Levi et al. (1984) in the study of detection threshold for relative motion: F = 1 + 1.05'lE. (e) The scaling factor estimated by McKee and Nakayama (1984) in the study of detection threshold for relative motion: F N 1 + 0.63E. (f) The receptive field size of MT neurons of the macaque measured by Albright and Desimone (1987) , on which the spatial scaling of the original study by Murakami and Shimojo (1993b) was based. (g) The scaling factor used in the study by Wright and Johnston (1985) : F = 1 + 0.42E + 0.00012E3, approximated as a linear function (F= 0.953 + 0.434E) in this range for the sake of comparison. (h) The receptive field size (RF) of VI neurons of the macaque measured by Dow et al. (1981) : logl(@F x 60) = 1.1438 + 0.1920x+ 0.0712x2 + 0.0619./, where x = Ioglo(fi x 60) -1.5, approximated as a linear function RF = 0,232+ 0.0488E in this range for the sake of comparison. (i) The scaling factor estimated by Levi et al. (1984) in the study of detection threshold for absolute motion: F = 1 + 5.99-lE.
shallow slopes whereas performances related to relative motion tend to have steeper slopes. Since the idea of the scaling factor is based on physiologicalknowledgeabout the eccentricity-dependenceof corticalmagnificationand receptive field sizes, such differences in slope suggest that absolutemotion and relative motion are processedin distinct cortical areas, though further investigationmust be done. A great numberof physiologicalstudiesin the monkey have revealed that many neurons in VI are directionally selective, i.e. they prefer a certain direction of motion presented in their receptive fields [e.g. Hubel & Wiesel (1968) ]. Most of the neurons in MT are directionally selectivetoo,but someof them have more propertiesthan just directional selectivity. Their responses to their preferred motion are suppressed when motion in the same direction is presented in the surround of their classical receptive fields [e.g. Tanaka et al. (1986) ]. As these physiologicalcharacteristicsare very similar to the expected behavior of the hypothetical motion contrast detector, it is natural to consider this subtype of MT neuron as the most likely candidate for the neural correlate of the motion contrast detector. Also, the present model of the motion contrast detector matches another property of MT neurons. The fitted DOG function indicates that the surround subregion of the detector is much larger than the center subregion. In the study of MT neurons of the owl monkey, Allman et al. (1985a) reported that the area of the suppressive surround was 50 w 100 times the area of the classical receptive field. A similar finding was reported in the study of the macaque's MT neurons as well (Tanaka et al., 1986) .
On the other hand, we should not neglect the fact that there are some quantitative disagreements between the physiological data and our psychophysical estimates.
First, the scalingfactor estimatedin the present study and the receptive field size of MT neurons do not match perfectly. In Fig. 8 , the eccentricity-dependenceof the receptive field sizes in the macaque's VI (Dow et al., 1981) and MT (Albright& Desimone, 1987 )neuronsare normalized and plotted together for comparison [ Fig. 8  (f and h) ]. The receptivefield size of MT neuronsshow a steeper slope compared to those of VI neurons, and our slopes are even steeper. Second, the spatial extent of the center subregion (0.363 deg in our estimation) is quite small compared to the classical receptive fields of MT neurons, thougb it is consistent with previous psychophysical studies (Chang & Julesz, 1984; Murakami & Shimojo, 1993b) .Such a small receptive field size is not compatiblewith any physiologicaldata for MT currently available (Albright & Desimone, 1987; Desimone & Ungerleider, 1986; Gattass & Gross, 1981; Komatsu & Wurtz, 1988; Maunsell& Van Essen, 1987; Tanaka etal., 1986 Tanaka etal., , 1993 . For example, the eccentricity-dependence of receptive field sizes in the study by Albright and Desimone (1987) gives a diameter of 1.04 deg at the fovea. One possibleexplanationfor these discrepanciesis an interspeciesdifferencein receptivefieldsizesbetween the human and monkeys.Another possibilityis that it is not adequate for the present study to use the receptive field size reported previously; their data were based on area MT as a whole, while there has been a report that the neurons having center-surround antagonism are clustered in distinct columns (Born & Tootell, 1992) . Also, it should be noted that the receptive field size is highly dependent on how receptive fields are mapped, hence the inconsistency in absolute size between physiology and psychophysics should not reject the significance of the present study. At the same time, however, one shouldbe careful to note that, althoughthe antagonism-like directionality has been studied most extensivelyin MT (Allman et al., 1985a; Born & Tootell, 1992; Lagae et al., 1989; Tanaka et al., 1986) , similar responsecharacteristicshave been found in other cortical areas besides MT, such as V1 and V2 of the monkey (Allman et al., 1985b; Jones et al., 1995) . Another important caution is that direct comparison between neural activity in MT and animal behavior has yet to be investigated more in this context (Born et al., 1995) . Thus, the model of MT neuronswhich we have proposed in the present study is only hypotheticaland is currently being researched.
In conclusion, the present study revealed psychophysical evidence for motion contrast detectors in a strictly controlled situation. Their characteristics are consistent with previous modelswhich explain induced motion and motion capture (Murakami & Shimojo, 1993b) , and motion aftereffect (Murakami & Shimojo, 1995) . This model is also in accordance with previous psychophysical studies on motion segmentation (Chang & Julesz, 1984; Murakami & Shimojo, 1993b; Nawrot & Sekuler, 1990) 
APPENDIX A
Estimation of Scaling Factor
In an attempt to rescale the physical stimulus size into some "cortical" stimulus size, we apply a knowledge-free procedure introduced by Whitaker et al. (1992) . In the analysis for the present study, the data at an intermediate eccentricity, 4.5 deg, were taken as the "master", against which the data at other eccentricities were scaled. First, the profiles for 4.5 deg and for another eccentricity, x deg, were superimposed. Second, an approximation to the scaling factor was estimated by eye, while the data at x deg were scaled and replotted using various factors. Third, a more precise estimate of the factor was determined by using polynomial regression. The 4.5 deg andx deg data were merged and fitted to a single third-order polynomial regression curve (the choice of this particular regression is not crucial) and the sum of the squares of the residuals were calculated. Then the .xdeg data were scaled with a slightly different factor and the same procedure was repeated to find a scaling factor that minimized the sum of the squares of the residuals. This factor was taken as the scaling factor estimated empirically at .xdeg eccentricity. The data at O, 2, 3, 6, and 9 deg eccentricities underwent this procedure, whereas the master data of 4.5 deg eccentricity were scaled to themselves by a factor of 1 by definition. The scaling factors obtained at various eccentricities were then fitted to a linear regression line constrained to go through 1 at 4.5 deg eccentricity:
(j' -1) = s(e -4.5),
where f and e denote the scaling factor and eccentricity, respectively, and s is the regression coefficient. The above analysis yielded s = 0.185 for subject IM (R2 = 0.990) and s = 0.181 for subject SM (R2 = 0.859). The regression was quite successful for subject IM [ Fig. 5(a) ]; even for subject SM [ Fig. 6(a) ], the R* value for this linear regression was quite good, though the points at eccentricities O and 9 deg suggested that a second-order polynomial regression would Icssen the residuals. For convenience, Eq. (Al) was normalized to the form
so that the scaling factor at the fovea was unity. This minor transformation resulted in a normalized scaling factor F = 1 + 1.116E for subject IM [ Fig 
APPENDIX B
Fit to the Integral of DOG
In an attempt to determine the peaks of the profiles in Figs 5(b) and 6(b), the data were fitted to a nonlinear function which included the integrals of DOG functions. This procedure was based on these three major assumptions.
2
The receptive field of a motion contrast detector is doubleopponent with respect to the preferred direction, such that the center subregion is excited by upward motion and inhibited by downward motion, and the surround subregion is excited by downward motion and inhibited by upward motion [ Fig. Bl(b  and c) ]. The total activity of one detector is expressed as a linear summation of the excitation/inhibition profiles in space. For the sake of simplicity, when the spatial summation along one dimension only is considered, the response to the stimulus shown in Fig. Bl(a) is the sum of the shaded areas in Fig. Bl(b and c) .
